Abstract-A data processing program based on a full-wave electromagnetic (EM) analysis of a non-reciprocal transmission line partially filled with a ferrite sample is presented. A predictive permeability tensor model is introduced in the Maxwell equations to allow the program to work at any magnetization state. The dispersion diagram for the first significant modes inside the ferrite loaded region of the line is obtained. The presence of magnetostatic modes generated by magnetized ferrite inside the line is verified. Using a mode matching technique, the theoretical scattering parameters (S-parameters) of the non-reciprocal transmission line are calculated. The analysis is validated by the comparison between the calculated S-parameters with those obtained with a FEM based EM simulator and the measurements at limit cases.
I. INTRODUCTION
Ferrites have found extensive use among several signal processing functions in microwave systems (circulators, filters, isolators). Depending on the microwave application, the magnetization state (bias point) of the ferrite varies. Saturated and partially magnetized ferrites are anisotropic media due to the alignment of magnetic moments in the magnetic field direction. Thus, the dynamic behavior and the anisotropy exhibited by ferrites, assuming a static magnetic field H dc in the Oy direction, is described by the permeability tensor (1) .
In order to help engineers and circuit designers in the development of state of the art ferrite-based applications, characterization methods that measure the dynamic behavior of ferrite at any magnetization state must be implemented. The major problem found in this implementations is the difficulty to describe all the EM interactions inside the magnetic material. In the characterization method developed in this paper a predictive permeability tensor model has been introduced. This model enables our characterization method to work at any magnetisation state.
II. GENERAL PERMEABILITY TENSOR MODEL
The most common used definition for the description of the tensor components in (1) was made by Polder in [1] . In this definition the ferrite is assumed to be infinitely large and in a saturation state (all magnetic moments are parallel). However, we have shown in [2] that in microwave devices saturation is never totally reached, even in conventional circulators where non saturated regions appear in the ferrite puck. Therefore, a predictive tensor model for polycrystalline ferrites working at any magnetization state has been developed in our laboratory: the General Permeability Tensor (GPT) [3] . This model has as input parameters the static properties, losses and geometrical parameters of the material (H a (anisotropy field), H dc (applied static magnetic field), 4πM s (saturation magnetization), α (damping factor), N y (shape factor)). This model describes the variation of the permeability tensor components in (1) as a function of frequency and dc bias field strength. The model takes into account demagnetizing dynamic fields between magnetic domains and grains. It also shows a connection between the saturated case (Polder's theory [1] ) and the low field loss-region (Polder-Smit effect [4] ) passing through all the intermediate magnetization states. The causality of this model enables it to be implemented in time-domain simulation methods like FDTD or TLM.
III. DESCRIPTION OF THE METHOD

A. Principle
The characterization method is divided into two main parts: The direct problem in which the theoretical S-parameters of the Measurement cell are determined and validated and the inverse problem in which an optimization of the components of the permeability tensor (µ, µ y , κ) is done in order to fit the theoretical S-parameters with the measured S-parameters. We present here the description of the direct problem.
To fully describe the dynamic response of magnetic material, including losses, complex quantities have to be taken for the permeability tensor components: µ = µ − jµ , κ = κ − jκ , µ y = µ y − jµ y . In order to solve a square system of equations, three independent measurements of the complex scattering parameters of a structure containing the magnetic sample have to be taken. This forces a non-reciprocal behavior of the cell (S 21 = S 12 ). Even thought, the anisotropy nature of magnetized magnetic materials implies a non-reciprocal behavior on it, waveguides or transmission lines fully filled with this type of materials remain reciprocal structures. To achieve non-reciprocity, the cross section of the cell must be asymmetrically loaded (in terms of EM properties) so that the configuration of the propagation modes differ according to the wave direction. We have previously developed in [5] a measurement method based on the analysis of a microstrip transmission line using analytical Quasi-static formulations. Its domain of validity is limited from a theoretical point of view to 2 GHz (only the dominant Quasi-TEM mode is used in the analysis) and from a experimental point of view by the S-parameters dimensional resonances (related to the physical length of the sample). To extend the exploited frequency range and improve accuracy, we have developed a full-wave analysis of a stripline, taking into account the first n significant modes (propagated and evanescent) which results in a better description of the EM interactions inside the line.
B. Measurement cell: Asymmetrically loaded line
The asymmetrically loaded stripline is shown in Fig. 2a . A section of this line is filled at the sides with two dielectric slabs showing different permitivities ( 1 and 2 ) and at the center with two identical magnetic samples. The rest of the line is unfilled. The presence of the magnetized magnetic material in the line concentrates the energy to one side of the line depending on the propagation direction (field displacement effect). Fig. 2b shows this energy repartition for the forward propagation. The field repartition for the reverse propagation is concentrated on the opposite side of the strip. This effect combined with the fact that for each direction the wave interacts mostly with a different dielectric slabs, gives rise to the non-reciprocal behavior of the structure (S 21 = S 12 ). We have chosen a stripline measurement cell over the other types of microwave lines (coplanar, microstrip, etc.) because in this structure the dominant propagation mode is purely TEM while in the other type of lines the dominant mode is Quasi-TEM. The main advantage of the TEM mode over the Quasi-TEM is that it is described analytically by the classical definitions of EM fields and therefore has a straight forward inclusion in a full-wave analysis. To avoid the fringing field effects (edge effects) the width of the strip a is made greater than the height between the strip and the ground planes b [6] . Consequently, it is assumed that the energy inside the line is confined between the strip and the ground planes. With these conditions in mind, the loaded region of the line is represented by the theoretical equivalent structure shown in Fig. 3 . In this structure, Perfect Electric Conductors (PEC) are added to replace the strip and the ground conductors and Perfect Magnetic Conductors (PMC) are added, in accordance with the EM field pattern, to close the energy inside.
C. Full-wave analysis: Direct Problem
The characterization method developed is based on the fullwave analysis of the measurement cell. First, an EM analysis on both dielectric/ferrite discontinuities (x direction) is made to obtain the dispersion diagram (propagation constants) for the first n modes in the loaded region of the line. Then, a mode matching method technique is used in both air section /loaded section (z direction) to obtain the theoretical S parameters of the transmission-line.
1) Dispersion diagram:
As the excitation of the cell is the TEM mode and the discontinuities found by this mode in the structure do not break the symmetry in the Oy axis, only the TE n0 modes are going to be exited. Hence the propagation inside the structure becomes independent of y ( ∂y /∂t = 0) forcing the E x , E z , and H y components to be null inside the structure. The analysis begins with the definition of the EM fields (H x , H z , and E y ) inside each material. For the description of the permeability tensor components the GPT model [3] is introduced. Then, applying the continuity equations at both dielectric/ferrite discontinuities the complex variable system (2) is found. Here, k 1,2 , l 1,2 are the wave numbers and widths of the dielectrics 1 and 2, k x is the wave number inside the ferrite, e ± i and h ± i are the expression for the EM fields (forward and reverse) inside the ferrite, ω is the angular frequency and µ 0 is the permeability in vacuum. 
The dispersion equation (in complex variable) is obtained annulling the determinant of this matrix. This equation depends on frequency, the EM and geometrical properties of the materials and the propagation coefficient γ = β − jα (β: the phase constant and α: attenuation constant). The values of γ for which this dispersion equation is equal to zero
correspond to the propagation constants of the modes inside the line. To find the solutions to this complex equation, we have developed a root finding numerical method based on the combination of the dichotomic method extended to the complex plane and the Müller's root finding algorithm. This method is capable of finding the desired number of solutions in such a way that the order of appearance of propagation modes is respected and therefore classed in order. The description and analysis of this method is left for a further article. As a result of this procedure Fig. 4 shows the dispersion diagram for both, forward and reverse propagation in the loaded region of the cell. This diagram shows the TEM modes which are the dominant modes in this type of transmission lines. Also, the non-reciprocal nature of the structure is evidenced by the differences seen in the values of the phase constants between both propagation directions. Likewise, this diagram shows that at low frequencies the higher order modes become propagated in the form of magnetostatic modes (characterized by low group velocities). In this conditions a mode that showed an evanescent behavior for a classical line becomes a propagated mode in a non-reciprocal line. Thus, at certain frequencies the superior evanescent modes can present propagation constant values even grater than those of the dominant TEM mode, been them the ones that propagate most part of the energy. This result shows the importance of taking into account the first significant modes (in terms of energy) with a full-wave analysis in this type of structures.
2) S-parameters: To obtain the theoretical S parameters of the measurement cell, a mode matching technique is used for the first n excited modes inside the cell at each one of the air/materials discontinuities (z direction) as shown in Fig 5. The TEM mode of the line interacts with the air/materials discontinuities (P 1 and P 2 ) reorganizing the energy in the form of reflected and transmitted dominant modes in the air region, in form of excitation of superior TE n0 modes inside the loaded region of the cell, and in form of evanescent modes in the neighborhood of the discontinuities planes. Equations (4) and (5) describe the mode matching in the plane P 1 while equations (6) and (7) does the same for the the plane P 2 .
In these equations d 0 is the length of the loaded region, N and M represent the number of modes take into account in the air and loaded region respectively. The index n correspond to the modes in the air region, while the indexes i and r correspond to the forward and reverse modes in the loaded region respectively. Finally, as shown in Fig. 5 , the coupling coefficients are: ρ n for the reflected modes in the air region, T i and R r for the transmitted and reflected modes in the loaded region and t n for the transmitted modes in the air region. This system has 2N equations with 2M variables. To have a unique solution, N is set to be equal to M and the value of N is fixed in order to assure the convergence of the S-parameters. The resolution of this system is based on the orthogonality property of modes [7] which are defined by
Using (8) in the system of equations (4) - (7), the coupling coefficients ρ n , R r , T i , and t n are deduced for the N modes. Then, the reflection parameter S 11 and the transmission parameter S 21 are identified with the coupling coefficients of the dominant mode in the air regions ρ 1 and t 1 and are defined by equations (9) and (10).
Rr H1/Eyr e jγr d 0
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To obtain the reflection parameter S 22 and the transmission parameter S 12 the same process is repeated considering an incident TEM mode in the opposite side (P 2 ).
3) Validation of the full-wave analysis : Wideband permeability spectra at different bias dc fields for comparison and validation of this analysis are difficult to find. For the validation, comparisons at limit cases between our model, the measurement and Ansoft's HFSS TM software were done. The first case compared was the line completely filled with a well known dielectric. This case is shown in figure 6 . A very good agreement is seen in this and all the other dielectric cases tested. A second method of comparison was using a saturated ferrite simulation. Fig. 7 shows the comparison between the S-parameters obtained with Ansoft's HFSS TM simulation and our full-wave analysis. A good agreement is observed between the curves until 14 GHz. This limit is due to the apparition of the first propagated superior mode (TE 10 ) in the air section of the cell at 16 GHz. In the air section, only the dominant TEM mode is assumed to be propagated and all superior modes are assumed evanescent. If more bandwidth is desired, superior propagated modes in the air region of the cell could be inserted into the mode matching analysis. As HFFS software do not model partially magnetized ferrites, comparison at non-saturated cases is not possible. For the time been, we are waiting for the ferrite samples to make comparisons between our full-wave analysis and the measurements at partially magnetized states.
D. Inverse Problem of the characterization method
As the theoretical S-parameters are directly dependent on the GPT tensor model, a numerical optimization method is needed in which the input data of the GPT model is going to be optimized in order to fit the simulated with the measured Sparameters. That is, a numerical method in which the objective function is in the form of The optimized data is then going to be introduced in the GPT model giving access to the measured tensor components versus frequency for different dc bias field strengths.
IV. CONCLUSIONS
A full-wave analysis, introducing a dynamic permeability tensor model, has been developed for a asymmetrically ferriteloaded transmission line. This is the first stage in the development of a new characterization method which allows the measurement of the permeability spectra of ferrites taking into account their magnetization stage. This method intend to expand the validation range and accuracy of the previous methods developed in our laboratory. The capability to access the permeability spectra of ferrites at any magnetization state will permit to develop accurate measurement techniques to find intrinsic parameters of magnetic materials like ∆H, anisotropy field or Landé g-factor.
